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ABSTRACT

The molecular and crystal structure of 2 '-O-Me

(CGCGCQG), has been determined using synchrotron
radiation at near-atomic resolution (1.30 A), the highest
resolution to date in the RNA field. The crystal structure
is a half-turn A-type helix with some helical parameters
deviating from canonical A-RNA, such as low base pair
rise, elevated helical twist and inclination angles. In CG
steps, inter-strand guanines are parallel while cytosines
are not parallel. In steps GC this motif is reversed. This
type of regularity is not seen in other RNA crystal
structures. The structure includes 44 water molecules
and two hydrated Mg 2*ions one of which lies exactly on
the crystallographic 2-fold axis. There are distinct
patterns of hydration in the major and the minor
grooves. The major groove is stabilised by water
clusters consisting of fused five- and six-membered
rings. Minor groove contains only a single row of water
molecules; each water bridges either two self-parallel
cytosines or two self-parallel guanines by a pair of
hydrogen bonds. The structure provides the first view of
the hydration scheme of 2 '-O-methylated RNA duplex.

INTRODUCTION

NDB coordinates ARFS26

the number of X-ray RNA duplex structures is increasing.
However, to our knowledge, only a dozen duplex structures have
been reported to date. The first was r[U(g#p, at 2.25 A
resolution, with two unexpected kinks in the hel®}. (Other
duplex structures9¢16), usually form approximately one-turn
helices. The resolution of these structures, some of which contain
more than one mismatch, varies fromtb.@.6 A. Most recently,
structure of a 160 nt long domain of a class | intron at 287/ (
and the hammerhead ribozymés,(9) have been reported.

Our continued interest in RNA duplexes containing alternative
CG base pairs was prompted by the finding that poly[r(C®)] (
and r(CGCGCG)(21) are able to form left-handed RNA double
helices named Z-RNA. This intrinsic property of (G@)plexes
is interesting in view of the structural properties of RNA and RNA
hydration. The latter phenomenon is known to govern helicity
reversal processe®(21). Recently, it was found that the-AZ
transition of (CG) duplexes is also promoted by high pressure
(22). In contrast, 20-Me(CGCGCG) does not undergo helicity
reversal under similar experimental conditions and remains in the
A-form (23). This points to the influence of®-methylation on
the ability of RNA duplexes, containing alternating CG base
pairs, to undergo such a conformational reversal.

To date, there is no X-ray RNA structure containing alternating
CG base pairs which would allow analysis of both CG and GC
steps. Two high resolution structures, r(UUCGE®4) and
r(CCCCGGGG) (25) solved at 1.40 and 1.46 A, respectively,

RNA forms a wide range of functionally important tertiaryhave been reported recently. Although they contain CG base
structural domains containing both single- and double-strand@airs, the duplex structures formed do not allow an analysis of
regions such as hairpins, bulge loop duplexes, pseudoknotsbath CG and GC steps. The r(CCCCGG&@E)) has only one
hammerheads. The tendency to form double-helical regions pla@& step and no GC steps. In the crystal of UUCGCG hexamer,
a crucial role in the folding of these complex structuresa duplex structure with four CG base pairs and two overhanging
Double-stranded RNA helices exist principally in the right-handetdU base pairs is formed4). Only the GC step lies in the interior
A-form. Averaged helical parameters for this canonical form obf the structure while the two CG steps contain terminal
RNA have been deduced from fibre diffraction dajaSince then, guanosine residues. Due to crystal symmetry relating the two
single crystal analysis of dinucleotide monophosphatgsénd UUCGCG strands the structure contains only one CG step and
refined tRNA structuresA(5) have beemeported showing more one GC step with &rystallographic 2-fold axis lying in the
details of local effects of base sequence. Thanks to recent advanoéidle of the GC step which means that only one half of the GC
in chemical §) and enzymatic7) oligoribonucleotide synthesis step is unique.

*To whom correspondence should be addressed. Tel: +48 61 8 528503; Fax: +48 61 8 520532; Email: dorota@tryptophan.idch.poznan.p
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Unfortunately, our extensive attempts to get suitably diffracting (UA)g A duplex RNA structure(10, PDB code 1RNA) as the
monocrystals of r(CGCGCgYuplex have been unsuccessful. starting model, which corresponded to the (YJ&dre of the

In this work we present the crystal structure of th®-Me  duplex. No further editing was done on the starting model at this
(CGCGCG) duplex at 1.30 A resolution. The near-atomicstage. The rotation function was calculated using terms between
resolution of the X-ray data allowed very accurate structurgand 2.5 A, with a Patterson search radius of 12 A. The 50 highest
determination with anisotropic thermal parameters and detailggaks of the rotation function did not show any clear candidates
analysis including the hydration scheme and magnesium bindingr the correct solution. The correlation coefficient decreased
The overall structure is an A-RNA helix, but with certainsmoothly from 0.40 to 0.34 for the first 19 peaks. Further peaks
structural features which deviate from the canonical form. Thgad a correlation coefficient 8D.2. The translation function was
results obtained also provide an insight into the effect ofalculated for each of the first 20 peaks in the rotation function.
2'-O-methylation on hydration of RNA duplex. It was not known at this stage if the space group wad2P6r

In the accompanying paper we described the NMR structure p.22 and the translation function was calculated for both space
(CGCGCG) and 20-Me(CGCGCG; under low salt conditions. groups. The best solution was obtained fa2RBwith correlation
Surprisingly, the two right-handed duplex structures are similagoefiicient 0.67. The second highest peak had correlation coefficient
despite 20-methylation, with an average r.m.s.d. of 1.0 A. Th|so_54 and the average value WAs5. After rigid body refinement the

suggests that it is the intrinsic properties of alternating CG base palisre|ation coefficient for the highest peak was 0.74, for the second

that govern both RNA duplex structures. The data allow fof;,h K h | Th |
comparison of the structure of ' a@methylated RNA duplex in the ighest peak 0.58 and the average value waSB8| The mode

was positioned in the unit cell according to the highest peak and

crystalline state and solution. We hope that the results, for tl i _ ; :
2'-O-methylated analogue, will bring us closer to the understandi gl?:%\m ezélcg a?rt]r? atFt(rjli s v'\jzca)s ctj;]f(feeég:]rgﬁt ?o?ﬁt?onwi;ﬁhlr&?fgée)d It
’ C,

of the structure of native (C3yequences. map showing good overall agreement with the motibbagh

considerable deviations were observed for the terminal base pairs.
MATERIALS AND METHODS The difference mapH; — F¢) showed most of the'-®-methyl
groups and exo-amino groups of C and G, not included in the
model. There were no bad intermolecular contacts.

Hexamer 20-Me(CGCGCG) was prepared by automatec‘ The structure was re_fined by stereochemi_cally restrained
solid-phase synthesis using phosphoramidite chemiggy ( '€ast-squares minimisation as implemented in the program
Duplex crystals were grown at 20 by hanging drop/vapour SHELXL93 (31). The integrated diffraction intensities between
diffusion. After an extensive search several monocrystals weftAnd 1.30 Awere used in the refinement, rather than the structure
obtained under the following conditions: 5 mg/ml of RNA infactor amplitudes. The geometric restraints were derived from the
50 mM HEPES buffer pH 7.5, 15 mM MgClL mM spermine  Standard dictionary used in the CCP4 program sui. (
tetrahydrochloride and 30-40% 2-methyl-2,4-pentanediol aRlanarity restraints were imposed on the guanine and the cytosine

precipitating agent. No crystals of the respective octamer coufthds, as well as restraints on bond lengths and bond angles. Inthe
be obtained under these or similar conditions. later stages of refinement the bond angle restraints were removed.

The initial model was modified to reflect the correct chemistry
and the non-hydrogen atoms that were initially absent in the
model were easily found in the electron density maps. Cycles of

X-ray diffraction data were collected from a single crystal on thgaast'—sguares refinement were interspersed with rounds of manual
EMBL BW7B wiggler beam line at the DORIS storage ring,fébuilding, based on k3 — %) and €, — Fc) maps, using an
DESY, Hamburg, with a Mar Research imaging plate scanndgvans and Sut.h_erland ESV graphics station and the program
The crystal was mounted with the longaxis along the FRODO @2). Initially only non-hydrogen atoms were included
goniometer spindle axis. Due to the highly elongated unit cell thi§ the model and isotropic temperature factors were refined.
orientation was essential to avoid overlaps of diffractioVhen hydrogen atoms became visible in tie<(Fc) map they
intensities. Three data sets were collected: at long, medium aw@re included in the model and anisotropic temperature factors
short exposures, to record intensities at high, medium and loxere refined. Solvent molecules were inserted manually, based
resolution. The intensities were integrated using the prografn examination of electron density maps. Refinement was
DENZO and scaled using program SCALEPACK)( Outliers  terminated when it was felt that no further significant
were rejected based on the chi-square test implemented inaprovement in the model could be achieved. The Realctor
SCALEPACK. The post-refinement option was used to refine thg||Fo| — |Fc|l/Z|Fof) was 0.175. The refinement was performed
cell parameters. The X-ray data are summarised in Table using the conjugate gradient algorithm. After the refinement was
completed, one additional cycle of minimisation was executed
using the full-matrix least-squares method in order to obtain
direct estimates of errors in atomic positions and temperature
factors. To decrease the size of the computation, the model was
The solvent content of the crystal was calculated to be 47¢ivided into three blocks, two containing one RNA strand each and
assuming RNA density 1.7 g/én{28) and one duplex per one block for the solvent atoms. All restraints and shift damping
asymmetric unit. The structure was solved by moleculawvere removed in that cycle. Helical parameters were calculated
replacement as implemented in the program AMORE ffom  (33) using program CURVES 5.11. The SGI Indigerkstation

the CCP4 program suit€@). The solution was obtained using was used for visualisation applying the Insightll/Biopolymer
residues U6 to A1l of chain A and U4 to A9 of chain B from thesoftware package (MSI).

Oligoribonucleotide crystals

Crystallographic data collection and processing

Structure solution and refinement



Table 1.Summary of X-ray data
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High Medium Low Total
Number of images 35 12 36 82
Oscillation angle 1° 3° 5°
Maximum resolution 1.30A
Wavelength 0.857 A
% Rinergé 7.0
Raw measurements used 96 765
Unique reflections 8165
% completeness (25-1.3 A) 95.3

% >30

Space group

Postrefined cell param. (A)
a=b

C

80.2 (48.1 in high res. bin 1.32-1.30 A)
Rg2

26.27
160.90

Rmerge= 2|lj — <I>/=<I>, where | is an individual intensity measurement, and <I> is the average intensity for this reflection with summation
over all the data.

RESULTS AND DISCUSSION
The refined structure

The high quality of the crystals and the use of synchrotron
radiation enabled refinement of the model of theO2
Me(CGCGCG) duplex structure with an exceptional accuracy.
Anisotropic thermal vibrational parameters and direct estimates
of standard deviations for atomic positions and the temperature
factors have been obtained. A measure of reliability of refinement
is gained from examining the data-to-parameter ratio (d/p). For
the refined model of' 20-Me(CGCGCG;) the final value of d/p

was 2.9, with anisotropic temperature factors. When restraints are
taken into account the d/p value becomes effectively higher. Thus
the refinement process is well determined even with anisotropic
temperature factors. The model of tHeO2Zmethylated RNA
duplex is complete. It also includes 44 solvent water molecules
and two M@ ions, one of which lies exactly on the 2-fold
crystallographic axis. The second magnesium site is only partially
occupied but is clearly recognisable by its octahedral
coordination. No other ordered sites were found foP My
spermine, which were both present and necessary for
crystallisation.

. . . . Figure 1. Crystal packing of the->-Me(CGCGCG). The crystal lattice consists
Crystal pac_:kmg?l’he_ asymmetric unit contains one duplex. The ot infinite columns of double helices stacked head-to-tal, perpendicular to the
crystal lattice consists of infinite columns of hexamer doublec-axis. The columns are arranged in layers, witharé@ition between layers.

helices stacked head-to-tail, perpendicular to dfais. The

columns are arranged in layers, with & GOtation between

layers. Two stacked hexamers form one full turn of a heligtructural features of 2-O-Me(CGCGCG),

(Fig. 1). The requirement of crystallographic symmetry means

that there are exactly 12 bp per turn of the column. The overall structurdn the crystal, self-complementary hexamer
2'-0-Me(CGCGCG) forms approximately one half-turn of an RNA

Accuracy of the coordinatesThe overall estimated standard helix (Fig.2). Both strands are related by non-crystallographic 2-fold

deviation (e.s.d.) for atomic positions is 0.090 A. For the RNA atormsymmetry axis with r.m.s.d. values of 0.19 A. The overall structure

it is 0.077 A (oxygen 0.063 A, carbon 0.091 A, nitrogen 0.062 Ais an A-type RNA helix but with certain deviations from the

phosphorus 0.033 A) and for the water molecules 0.146 A. canonical, fibre RNA structurd), The deviatioris much lower in
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Figure 2. Stereo view of the molecular structure of th€©2Me(CGCGCG) duplex showing 44 water molecules (red spheres) and two hydrated magnesium ions
(violet spheres). The position of the backbone of the two strands (C1-G6 and C11-G16) is indicated by ribbons.

the crystal structure (r.m.s.d. 1.30 A) than in solution (.m.s.d. 1.8 Atructure refinement. Anticorrelatedr torsion angles are
The duplex is overwound and contains 10 bp per helical turn. Theoportionally lower. Thgd (178-183) ande (201-209) torsion
difference from the number of base pairs per turn in the crystahgles indicatea favouredtrans conformation of corresponding
packing is due to dislocation in the intermolecular helix stackingonds.
(co-axial stacking). The NMR structures of r(CGCGg@nd ) ) . L
2'-O-Me(CGCGCG) described in the accompanying paper ard3ase pairs and stacking geomewyatson—Crick base pairing is
closely similar. The r.m.s.d. between tHeO2Me(CGCGCG)  ©observed throughout the duplex. Anisotropic temperature factors
X-ray structure and the solution structure is 1.7 A. The possibReint to significant lateral disorder of the bases, most pronounced
causes are the influence of crystal packing and differences ifh the direction perpendicular to the inter-base hydrogen bonds
refinement methods and restraints. (Fig.3). _ _
Analysis of helical parameter33) (Table3), reveals that the rise
2'-O-methylribose, glycosidic bond and backbone conformatiomarameter within the core of the duplex is small (2.2 A), there is no
The non-equivalence of both strands is reflected by differencesaiternation for CG and GC steps and its value rises substantially at
the sugar puckering¢) and backbone conformational parametersthe ends of the duplex. The x-displacement parameter is in the range
All sugars are in stabilised G8ndo pucker with averag® value  of the canonical structure and much higher than observed in solution.
of 13°. Residues G2 and G12 show-@%o (P =—-3) and C3endo  Helical twist angles are higher than typical for A-RNA helices. The
(P = 3#) pucker, respectively. All residues are characterised by highclination and propeller twist angles are elevated but to a smaller
pucker amplitudes (average= 39°) and byanti glycosidic bond extent than in solution. A characteristic stacking pattern was
angles. The latter and toe 3, y, 9, €, { backbone torsion angles, observed for the '2>-Me(CGCGCG) structure; much more
(Table?2) fall in the range typical for the A-family of right handed regular than seen in solution (Fg. Within CG steps, inter-strand
helices 85). They torsion angle ranges from 41 to°68escribing  guanines are parallel while cytosines are not parallel. In GC steps this
their (+) gaucheconformations. The values correspond to thosenotif is exactly reversed. This motif is not seen in other RNA crystal
obtained for 20-Me(CGCGCGy in solution by coupling constants structures. An analysis of the (WAyagment within crystal RNA
analysis but they afe?0—-25 lower than the values given by NMR duplex structure 3,10) reveals that all inter-strand adenines are
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nearly parallel pairwise but uracils are not. IH-O2Ve
(CGCGCG@G), inter-strand, parallel cytosines and guanines interac
with well defined water molecules in the minor groove (see below)
In CG steps considerable inter-strand stacking of guanines |
observed (Figd). Such a pattern of purine inter-strand stacking in
pyrimidine—purine steps is a typical feature of A-RNA helié&s. (

In contrast, inter-strand guanine stacking in CG steps in the solutic
structure is very limited. Values of the roll angles are rather low ant
in the core of the duplex show no tendency to alternate as observ
for the structure in solution. Interestingly, apart from terminal base
pairs, the roll angles are positive for both steps indicating thei
tendency to be open toward the minor groove.

Magnesium bindin
9 g Figure 3. Thermal-ellipsoid, at 25% probability, representation of the Watson—

. . . . Crick base pair C1 (left) and G16 (right) in tHe2Me(CGCGCG) duplex.
Only two different hydrated magnesium sites were located in thQnisotropic temperature factors point to significant lateral disorder of the bases.

crystal lattice, at half occupancy each. Due to the high quality and

resolution of the X-ray data it is unlikely that additional ordered

magnesium sites exist unobserved. They most probably are

delocalised, forming dispersed cation shield within the structuréridging symmetry related molecules in the lateral, column-to-
One magnesium cation lies exactly on the crystallographic 2-folwblumn direction. The other magnesium site is not fully occupied
axis and bridges two symmetry related molecules through two @%the crystal lattice and was refined at an occupancy factor 0.5. It
phosphate oxygens (O2P) and four water molecules5)f-ighe  is coordinated by one of the oxygens of the G2 phosphate and five
2'-hydroxyl function has been found in several crystal structures teater molecules; one of them is in close contact of 2.69 A
play a crucial role in RNA-RNA water-mediated intermoleculaH-bond?) to a symmetry related G4 O1P. Both magnesium cations
contacts 10,16,24,25). However, in this structuré-DH groups are located near duplex ends and it is possible that they contribute
are methylated and blocked as H-bond donors. Instead, tteethe ‘edge effects’ seen in the helical parameters, rise and roll, for
magnesium cation and the twedXygens play the pivotal role in the terminal base steps (TaB)e

Table 2.Sugar, backbone and glycosidic torsion arftfies2-O-Me(CGCGCG) structure from the X-ray study (left column). The results from the NMR
refinemen® (see accompanying paper) are quoted for comparison (right column)

Residue a B y > € 4 X
1st 2nd
strand
C1 - - - - 41 72(9) 93 86(4) 202 197(4) 288 285(4) 202 201(5)
Cl1 - - 52 76 219 280 193
G2 297 277(9) 176 180(4) 46 70(7) 82 87(3) 215 203(4) 291 291(5) 193 202(4)
G12 291 177 51 93 203 287 195
c3 277 267(7) 172 177(5) 61 75(5) 68 88(4) 219 201(4) 290 288(5) 197 213(5)
C13 292 170 49 72 217 290 198
G4 288 262(8) 177 179(5) 55 79(6) 75 93(3) 215 208(4) 285 294(4) 200 207(5)
G14 293 176 54 76 215 290 198
C5 293 247(8) 173 177(5) 54 85(6) 72 82(3) 207 201(4) 296 288(4) 196 206(5)
C15 293 171 52 73 211 291 197
G6 291 274(8) 182 173(4) 63 72(6) 75 82(4) - - - - 201 191(5)
G16 296 174 63 72 — - 199
Mean 291 265 175 177 53 75 77 86 212 202 288 289 198 203
A-RNAC 186 49 95 202 294 202

paogbcsycadc3e03iP
bStandard deviations are given in parentheses.
CRefs 1,35,36.
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A

Figure 4. The pattern of inter-strand stacking within &3 énd GC stepL]) of the 2-O-Me(CGCGCG) duplex. In CG steps, inter-strand guanines are parallel while
cytosines are not parallel; in steps GC this motif is revesspdne pair of parallel cytosines is indicated by arrows. Two pairs of parallel guanines are also shown.
This pattern is observed for all the duplex, although some bases have been omitted from this diagram for clarity.

Table 3.Helical parametefdor 2-O-Me(CGCGCG, structure as resulted from X-ray (left column) and NMR
(right column) studies

Base pairs x-Displacement (&) Inclination () Propeller twist {)
C1-G12 -4.8 -34 19 23 —6 -5
G2-Cl11 -4.8 -3.2 19 26 -16 =17
C3-G10 -4.9 -3.3 21 28 -12 —26
G4-C9 -5.0 -3.2 22 30 -8 -38
C5-G8 -5.0 -3.3 21 24 —6 -25
G6-C7 -5.0 -3.1 22 20 -7 -23
Base steps Rise (A) Twist (°) Roll (°)

C1-G2 3.2 2.3 40 34 -4 0
G2-C3 2.2 2.4 34 37 6 -3
C3-G4 2.2 2.6 34 42 4 6
G4-C5 2.2 2.6 38 41 4 -6
C5-G6 2.9 2.7 37 34 -4 1

Parameters were calculated (33) with program CURVES 5.11.

Hydration pattern of 2'-O-methylated RNA duplex pattern of hydration in this structure can be c'gc?mpared to the

. , . related crystal structure of (CCCCGGG@)1.46 A resolution;
The major groove of ZZ?-Me(CGCGCG) is narrow but deep the only relevant case for which the RNA duplex hydration
and the minor groove is broad and shallow. Th®-thethyl :

; ; scheme has been presented in detgjl (

groups point towards the minor groove (F&). The duplex
grooves are hydrated in a very regular way, with the majority dflajor groove hydration The water molecules in the major
ordered waters located in the major groove. Although ngroove form a regular repetitive pattern. As in other A-DNA
hydrogen atoms were observed directly for the water moleculg87-39) and A-RNA @4,25) oligonucleotide crystal structures,
the position of the hydrogens could be deduced for many watetg intra-strand phosphate oxygens (O1P) are water bridged with
in the first hydration shell withiiB.5 A from RNA sites (Figg).  W-O1P distances ranging from 2.8 to 3.3 A. Those bridges form
This was possible because of the special regular arrangemenboé edge of a set of water clusters consisting of alternating, fused
the waters and the chemical nature of the groups hydrated. Tinee- and six-membered rings (Fig). The six-membered rings
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Figure 6. Hydration of the 20-Me(CGCGCG;) duplex within the major groove;

Figure 5. The hydrated magnesium cation at the C15 (O2P) site; a region of the 4 region of the (B, — 2F,) electron density map.

(3Fo—2F) electron density map.

) . hexamer duplex implies that the bound water molecules play an
are nearly planar and the five-membered rings are ”On'pla”f?‘hportant role in stabilising the molecule.

The pattern is observed twice, once for each RNA strand. Stable,
low energy assemblies of water molecules have been studiktinor groove hydrationThe minor groove is hydrated by a single
extensively 40). Low energy pentagons are often found inrow of water molecules (Fi§). Waters in the minor groove are not
nucleic acid duplexes24,25,35,37,41). To our knowledge, in contact with each other (average distance 6.3 A) and span both
formation of fused, nearly planar hexameric rings composed ofigoribonucleotide strands. They act as strong H-bond donors.
five waters and phosphate oxygen is not seen in other RNA cryskdch water bridges by a pair of hydrogen bonds, either two
structures (Fig.8). The network is completed by H-bonds self-parallel cytosines or two self-parallel guanines. Waters
(average distance 2.8-2.9 A) with ldnd & of guanines as hydrogen bonded to the?©f cytosines are at distances 2.8-3.1 A.
primary base sites. The?NH of cytosines are less strongly Waters bridging the endocyclic3Nof guanine are dund less
involved with an average distance of 3.3 A (Fip. strongly (3.1-3.5 A). In addition, all the waters are weak
One difficulty with the H-bond network in the major groove acceptors from exo-Nigroups of the guanines with average
(Fig. 7), is that there are more observed hydrogen bonds thatbond distances 3.6 A. This is in accord with NMR observations
there are hydrogens in the structure, assuming canonigah fast water exchange with guanine exosNgtoups of
protonation. One possibility is that there is a net deficit of protorigd-O-Me(CGCGCG) (see accompanying paper). All the waters
but the protons present are shared, perhaps by means of a &ast clearly defined in the K3 — 2= map with average
exchange mechanism. Although this is not directly observed temperature factors in the range 25-32%he hydration pattern
this structure, bifurcated H-bonds, with a single hydrogen sharéd the minor groove extends across the axially stacked RNA
between two acceptors, are often observed in atomic resolutiorolecules, with single water sites, lying exactly on the 2-fold
X-ray studies. Another possibility is that there is an additionadxes, bridging C1 and C11 with their symmetry-related
proton within the network. Although the pH of crystallisation,equivalents. Whereas all the other water-bridged bases, both
7.5, is unfavourable for an excess of protons, pH being a bullytosines and guanines, are parallel within the same molecule, the
phenomenon does not necessarily apply locally. An additionao pairs of cytosines water-bridged between the stacked
proton within the H-bond network could partly neutralise themolecules are not parallel. The pattern of water-mediated
negative charge of the phosphate backbone and play a structimétr-base contacts in the minor groove offers an explanation of
role by stabilising the H-bonding network of water and the RNAow the bases maintain their distinctive cross-strand parallel
structure. The details of the H-bonding (Fyare hypothetical arrangement.
and only schematic. The detailed picture is likely to be more With no crystal structure of r((CGCGCf3vailable, a discussion
complex. An additional complication is the presence ofMg of the effect of 20-methylation on the RNA minor groove
ions near the phosphate groups. Whatever the underlying protoydration cannot be complete. In the crystal structure of
structure, the overall observed hydration pattern is clear{Fig. (CCCCGGGG) (25), the minor groove is hydrated in a complex
left). Its regularity even within the relatively short sequence of thevay with two rows of water molecules across the groove, spanning
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Figure 7.Hydration of the 20-Me(CGCGCG) duplex in the major groove. The pattern of alternating, fused five- and six-membered rings can be seen for both RNA
strandsleft). H-bonding donor—accepter distances are shown in A for strand C1-G6 and strand C11-G16 (values in brackets). Tworabieewlesdtop right)

for the strand C11-G16 are disordered, therefore, no distances are given. Proximity of the O1P site'siscntiaek®8 by dotted linesRight) Schematic showing
deduced orientation of the water molecules. A hypothetical additional proton is drawn on one of the water moleculetetthéidteae are less protons in the
structure than there are hydrogen bonds in this alternating five- and six-membered ring H-bonded network.

Figure 8. The water shell architecture within tHe@Me(CGCGCG). The extensive hydration of the intra-strand phosphates (oxygens in white) in the major groove
by water clusters (solid yellow lines and water oxygemsd) consisting of fused, nearly planar six-membered rings (one of the rings, in lower part of the figure, is
shown edge-on) and five-membered rinigét) versus simple, rigid hydration within the minor grooright). The single row of waters stabilises inter-strand
base-base interactions. Each water bridges by a pair of hydrogen bonds either two self-parallel cytosines (watersdrseffiefaratiel guanines (waters in green).

free 2-OH groups and maintaining hydrogen bonding wilofthe  hydration influences non-bonded hydrophobic interactions between
cytosine and Rl and N of guanine residues. In'-@-Me inter-strand 20-methyl groups. The average distance between
(CGCGCG), the 2-O-methyl groups point towards the minor inter-strand 20-methyl carbon atoms is 7.7 A (rm.s. 0.1 A) and
groove leading to its narrowing and increasing the hydrophobicifg very similar to the distance estimated from the NMR analysis
of the region (Fig2). None of the waters within the minor groove in solution (7.5 A, rm.s. 0.4 A). This means that the distance
have access td-Bxygens as H-bond acceptors. Such a pattern dfetween 20-methyl groups across the minor groove is only



3.7 A, after taking account of the van der Waals radii for the tw&3
methyl groups. The latter value is lower than the value found >l()lx1

the X-ray analysis of an A-DNA self-complementary duple

containing single '20-methyladenosine residue (4.8 A2, 15

Each water is locked between two inter-strar@-ghethyl groups

at a distance of8.0-3.4 A between the water oxygen and thei6

nearest methyl hydrogen.

The regularity and clarity of the hydration pattern in both’
grooves strongly suggests that the bound water molecules playga
structural role and should be considered part of tHe-Me 19

(CGCGCG} structure.
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